We report a practical synthesis method of the reagent PhenoFluor on decagram scale, provide a new formulation of PhenoFluor as a toluene solution, which should decrease challenges associated with the moisture sensitivity of the reagent, and expand the substrate scope of deoxyfluorination with PhenoFluor to heteroaromatics.
■ INTRODUCTION
Over the past 5 years, a variety of new fluorination reactions of arenes have been reported, 1−4 but reliable and practical methods that are general are still lacking. In our opinion, deoxyfluorination of phenols with commercially available PhenoFluor 5 is currently the most versatile method for the synthesis of functionally complex small-molecule aryl fluorides in terms of substrate scope and operational simplicity. However, PhenoFluor is currently expensive ($0.80/mg), 6 and its synthesis on larger scale has been challenging. Herein, we report an improved synthesis of PhenoFluor amenable to decagram scale, as well as a new formulation of PhenoFluor as a toluene solution. Combination of both should make access to and use of PhenoFluor more practical, more reliable, and less expensive.
■ RESULTS AND DISCUSSION
The procedure described in our original report 5a provides analytically pure PhenoFluor on gram scale, but it is not amenable to large-scale synthesis of the reagent. In the final step of the original PhenoFluor synthesisnucleophilic fluorination of the chloroimidazolium salt 1 7 with CsF  acetonitrile is used as a solvent to ensure adequate solubility of CsF. 8 It is crucial to maintain anhydrous conditions during the synthesis of PhenoFluor, which readily hydrolyses to the corresponding urea 2 (Scheme 1), the removal of which is problematic. Acetonitrile is notoriously difficult to dry, and as a consequence, the yield and purity of the final product are variable and difficult to control. To overcome the synthetic challenge and establish a robust synthetic method potentially applicable to the process-scale synthesis of PhenoFluor, we sought to avoid acetonitrile as a solvent and re-examine alternatives for the fluorination of chloroimidazolium salt 1.
PhenoFluor can be prepared in two steps from the commercially available carbene 3, or in a five-step sequence from inexpensive 2,6-diisopropylaniline (Scheme 2). Condensation of 2,6-diisopropylaniline with 40% aqueous glyoxal to diimine 4 (crystalline yellow solid), followed by treatment of the diimine with paraformaldehyde in the presence of chlorotrimethylsilane in hot ethyl acetate afforded IPr-HCl (5) in 65% yield (2 steps). IPr-HCl (5) was deprotonated by potassium tert-butoxide and the resulting isolated IPr carbene (3) was treated with hexachloroethane in tetrahydrofuran to afford chloroimidazolium salt 1 in 81% yield over two steps. The four-step synthesis sequence to chloroimidazolium salt 1 does not require any special purification method, and we have prepared more than 40 g of solid, moisture-insensitive chloroimidazolium salt 1. In our original report, the carbene 3 was formed in situ before chlorination. However, carbene 3 is stable enough to be handled on the bench and was isolated under air through simple filtration and concentration. 9 This two-step procedure was executed on 50 g scale. In addition, isolation of the carbene proved to be advantageous to obtain chloroimidazolium salt in higher purity, which facilitated isolation of pure PhenoFluor (vide infra).
We subsequently evaluated fluorination of the chloroimidazolium salt 1, and found that both solvent and fluoride source have a substantial impact on the effectiveness of PhenoFluor synthesis. We established that PhenoFluor is stable in hot, dry toluene, and no hydrolysis to the corresponding urea 2 was observed, in contrast to the observed hydrolysis upon heating of PhenoFluor in hot acetonitrile. We were pleased to find that toluene is a suitable solvent for the preparation of PhenoFluor: fluorination of 1 with CsF in a toluene suspension afforded PhenoFluor in high yield and purity on gram scale. The other alkali fluorides such as LiF, NaF, and KF were less reactive than CsF, and other fluoride sources (ZnF 2 , AgF) did not give the desired product. Furthermore, soluble fluoride sources, such as TMAF (tetramethylammonium fluoride) and TASF (tris-(dimethylamino)sulfonium difluorotrimethylsilicate), were not effective for PhenoFluor formation.
The amounts of toluene and CsF, as well as the mesh size of the CsF and stirring rate were found to be important variables for efficient PhenoFluor synthesis. Both chloroimidazolium salt 1 and CsF should be finely ground prior to the reaction, likely due to their low solubility in toluene. We also found that larger amounts of toluene and CsF resulted in shorter reaction times. Completion of the reaction was judged by visual inspection: when no more solid chloroimidazolium salt was observed, the reaction mixtures were cooled. We ultimately found that for 25.0 g of 1, 10 equiv of CsF (82.6 g) and 181 mL of toluene were the most practical reaction parameters in a laboratory setting, which required heating at 100°C for 96 h (Scheme 3).
The reaction time can be shortened by more vigorous stirring, and larger quantities of toluene. Filtration to remove solids, followed by washing with acetonitrile (3 × 15 mL) afforded PhenoFluor (21.6 g, 98% purity) in 93% yield. We should note that no hydrolysis was observed on this scale and that the new procedure afforded more than 20 times the amount of PhenoFluor per batch compared to that from the original procedure.
The thermal stability and safety profile of PhenoFluor were evaluated by differential scanning calorimetry (DSC) ( Figure  1 ). An exotherm of 0.15 kcal/g was observed at PhenoFluor's decomposition temperature (213°C). Compared to other deoxyfluorination reagents, PhenoFluor has a better safety profile due to its higher decomposition temperature and lack of a sharp, narrow exothermic peak in the DSC. 5b Reactions with PhenoFluor must be carried out with dry solvents; wet solvents will result in the unproductive hydrolysis and formation of urea 2 (Scheme 1). PhenoFluor can be handled in ambient atmosphere for short periods of time; however, extended storage in ambient, moist atmosphere will result in partial or full hydrolysis. Additionally, it is important to note that the CsF used in deoxyfluorination reactions must also be carefully dried. CsF is hygroscopic, and wet CsF will hydrolyze PhenoFluor. We found it most convenient to dry CsF prior to use at 200°C under vacuum for 24 h.
To increase the utility and straightforwardness of deoxyfluorination with PhenoFluor, we have prepared a 0.10 M solution of PhenoFluor in toluene. Deoxyfluorination reactions with the solution proceeded as smoothly as with solid PhenoFluor (Scheme 4). We have found the PhenoFluor solution is stable and storable in an inert atmosphere, such as a sure seal bottle. Dispensing from a sure seal bottle should further prevent adventitious hydrolysis, although CsF must still be used in dry form. Commercial availability of toluene solutions of PhenoFluor would facilitate PhenoFluor use.
As demonstrated in our previous publications, 5 the functional group tolerance of deoxyfluorination with PhenoFluor is high. Because PhenoFluor is currently being used in the pharmaceutical and agrochemical industries, we have evaluated a variety of heteroaromatic starting materials, and show those that give productive deoxyfluorination in Table 1 . Basic nitrogen-containing heteroaromatics, such as isoquinolines, quinoline, and imidazole were well tolerated in deoxyfluorination reactions (7−10) . Pyrimidine 15 was obtained in 32% yield, possibly due to its high volatility (yield determined by NMR using an internal standard is 62%). Selective deoxyfluorination occurs at the least electron-rich ring (16). We found that carboxamides with N−H bonds are not tolerated in PhenoFluor deoxyfluorination, although tertiary amides can be used. 5a In addition, ortho substitution of phenols can result in inefficient or unproductive reactions, especially when the phenol is electron rich.
■ CONCLUSIONS
In conclusion, we have developed a robust synthetic method of PhenoFluor amenable to decagram scale. Furthermore, the synthetic utility is further increased by formulating PhenoFluor as a solution in toluene. PhenoFluor has a better safety profile than conventional deoxyfluorination reagents, but is more expensive. Our method shall give more facile access to PhenoFluor for more robust late-stage deoxyfluorination of alcohols and phenols. 3) . In an N 2 -filled glovebox, N,N′-1,3-bis(2,6diisopropylphenyl)imidazolium chloride (5) (50.0 g, 118 mmol, 1.00 equiv) and t-BuOK (14.0 g, 125 mmol, 1.06 equiv) were placed in a round-bottom flask. THF (240 mL) was added, and the flask was capped with a rubber septum and then removed from the glovebox. The mixture was stirred for 3.5 h at 23°C, then the solvent was evaporated in vacuo. The residue was dissolved in toluene (450 mL) with gentle heating (50−60°C), and the hot solution was filtered through a pad of Celite eluting with toluene (50 mL). The filtrate was concentrated in vacuo to afford 39.1 g of the title compound as an off-white solid. The material 3 was used in the next step without any further purification.
N,N′-1,3-Bis(2,6-diisopropylphenyl)-2-chloroimidazolium chloride (1) . To a mixture of N,N′-1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (3) (39.1 g) in THF (240 mL) was added 1,1,1,2,2,2-hexachloroethane (26. 2 g, 111 mmol) at −45°C. The mixture was warmed to 23°C and stirred for 20 h. The reaction mixture was filtered, then the filter cake was washed with THF (3 × 100 mL) and toluene (2 × 100 mL) to afford 44.0 g of the title compound as a white solid (81% yield from 5). 1 133.9, 133.1, 128.9, 128.4, 125.6, 29.7, 24.4, 23.5 .
N,N′-1,3-Bis(2,6-diisopropylphenyl)-2,2-difluoroimidazolidene (PhenoFluor). N,N′-1,3-Bis(2,6-diisopropylphenyl)-2-chloroimidazolium chloride (1) was finely ground using a mortar and dried at 80°C under vacuum for 24 h. CsF was finely ground using a mortar in a glovebox then was removed from the glovebox and dried at 200°C under vacuum for 24 h, prior to use. In a glovebox, N,N′-1,3-bis(2,6-diisopropylphenyl)-2-chloroimidazolium chloride (1) (25.0 g, 54.4 mmol, 1.00 equiv) and CsF (82.6 g, 544 mmol, 10.0 equiv) were placed in a pressure flask. Toluene (181 mL) was added and the flask was sealed, then removed from the glovebox. The flask was sonicated until the mixture appeared creamy (1 h), then stirred vigorously at 100°C for 96 h. Completion of the reaction was judged by visual inspection: when stirring was stopped, chloroimidazolium salt was floating in the reaction mixture, while cesium salts dropped onto the bottom quickly. When no more chloroimidazolium salt was observed, the mixture was cooled to 23°C. The flask was brought into a glovebox, and the mixture was filtered through a pad of Celite eluting with toluene (40 mL). The filtrate was concentrated and dried in vacuo (approximately 6−8 h). The residual solid was ground, washed with MeCN (3 × 15 mL) and dried on frit to afford 21.6 g (98% purity) of the title compound as an offwhite solid (93% yield). PhenoFluor should be stored in an inert gas atmosphere. 1 9, 126.4 (t, J = 247.0 Hz), 124.5, 112.8, 28.9, 25.6, 24.2. 19 F NMR (375 MHz, C 6 D 6 , 23°C, δ): −34.0.
General Procedure for Deoxyfluorination with Solid PhenoFluor. PhenoFluor is moisture sensitive, and should be appropriately stored in an inert gas atmosphere. CsF was finely ground using a mortar in a glovebox, then was removed from the glovebox, and dried at 200°C under vacuum for 24 h, prior to use. Reaction solvents and reagents must be dried for optimal results. In a glovebox, a heteroaromatic compound (0.500 mmol. 1.00 equiv), CsF (228 mg, 1.50 mmol, 3.00 equiv) and PhenoFluor (256−320 mg, 0.600−0.750 mmol, 1.20−1.50 equiv) were placed in a vial. Toluene or dioxane (5.0 mL) was added. The vial was sealed and removed from the glovebox. The mixture was stirred at 23°C for 30 min and subsequently heated at 110°C for 24 h. The mixture was cooled to 23°C and then filtered through a pad of Celite eluting with CH 2 Cl 2 (3 × 4 mL). The filtrate was concentrated in vacuo, and the residue was purified by flash silica gel column chromatography to afford the fluorinated compound.
General Procedure for Deoxyfluorination with Pheno-Fluor Solution in Toluene (c = 0.100 M). Under air, a phenol (1.00 equiv) and previously dried CsF (3.00 equiv) were placed in a vial. The vial was evacuated and backfilled with N 2 gas (3 times). A solution of PhenoFluor in toluene (0.100 M, 1.20 equiv) was added via syringe. The mixture was stirred at 23°C for 30 min, then at 110°C for 24 h. Once cooled to 23°C , the mixture was filtered through a pad of Celite eluting with CH 2 Cl 2 (3 × 3 mL). The filtrate was concentrated in vacuo and then purified by flash silica gel column chromatography.
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